The twin-arginine translocation (TAT) pathway of the bacterial cytoplasmic membrane mediates translocation only of proteins that accomplished a native-like conformation. We deploy this feature in modular selection systems for directed evolution, in which folding helpers as well as dimeric or oligomeric protein-protein interactions enable TATdependent translocation of the resistance marker TEM b-lactamase (bL). Specifically, we demonstrate and analyze selection of (i) enhancers for folding by direct TAT translocation selection of a target protein interposed between the TorA signal sequence and bL, (ii) dimeric or oligomeric protein-protein interactions by hitchhiker translocation (HiT) selection of proteins fused to the TorA signal sequence and to the bL, respectively and (iii) heterotrimeric protein-protein interactions by combining HiT with protein fragment complementation selection of proteins fused to two split bL fragments and TorA, respectively. The lactamase fragments were additionally engineered for improved activity and stability. Applicability was benchmarked with interaction partners of known affinity and multimerization whereby cellular fitness correlated well with biophysical protein properties. Ultimately, the HiT selection was employed to identify peptides, which specifically bind to leukemia-and melanoma-relevant target proteins (MITF and ETO) by coiled-coil or tetra-helix-bundle formation with high affinity. The various versions of TAT selection led to inhibiting peptides (iPEPs) of diseasepromoting interactions and enabled so far difficult to achieve selections.
Introduction
Protein -protein interactions play fundamental roles in virtually all biological processes, making protein engineering an important area of research. To date, the most successful approaches to engineering proteins have been based on directed evolution (Stemmer, 1994a; Arnold, 1998) . Mimicking natural evolutionary processes, this strategy relies on the selection of proteins from a ( partially) randomized library of up to 10 14 different molecules, possibly combined with in vitro DNA recombination (DNA shuffling) (Stemmer, 1994a,b; Müller et al., 2005) . The quality of the library as well as the suitability of the selection system account for the success of the outcome. Therefore, the development of robust yet adjustable selection systems, which allow the application of a well-defined and focused selection pressure on a specific trait of a protein, is of great interest for the engineering of proteins for medical or industrial use.
Several techniques have emerged to identify and characterize protein -protein interactions, including standard biochemical methods, the yeast two-hybrid system (Y2H; Fields and Song, 1989) and protein display strategies, such as phage display (Smith, 1985; Speck et al., 2011) , ribosome display (Hanes and Plückthun, 1997) , mRNA display (Roberts and Szostak, 1997) , cell surface display (Daugherty et al., 1999; Wittrup, 2001; Wernérus and Ståhl, 2004) or the SOS-or Ras-recruitment systems, which allow the investigation of protein -protein interactions at the cytoplasmic site of the cell membrane (Aronheim et al., 1997; Broder et al., 1998; Köhler and Müller, 2003) . For monitoring dynamic intermolecular interactions at a subcellular level of spatial resolution, Förster resonance energy transfer (Adams et al., 1991) is probably the most accurate method currently available. However, the stringent steric requirements for the energy transfer limit the applicability of this technique. An alternative method now referred to as protein fragment complementation assay (PCA) was described in 1994 using split ubiquitin (Johnsson and Varshavsky, 1994) . This type of assay relies on the reconstitution of a whole protein from inactive protein fragments, which could be driven, for example, by the interaction of complementary domains fused to these fragments. The full scope of the PCA has been realized by deploying a variety of other enzymatic or fluorescent reporter proteins, including murine dihydrofolate reductase (mDHFR; Pelletier et al., 1998 Pelletier et al., , 1999 , green fluorescent protein (GFP; Ghosh et al., 2000) , luciferase (Luker et al., 2004; Paulmurugan et al., 2004; Remy and Michnick, 2006) and b-lactamase (bL) (Garlaneau et al., 2002; Wehrman et al., 2002) .
In comparison with methods routinely used for protein library selections, such as protein display technologies, PCA based on split bL or split mDHFR offer attractive advantages. These include powerful selection-by-survival principles and no requirement for purifying the target protein, because it is co-expressed with the library. This also holds true for another group of selection strategies, which employ the twin-arginine translocation (TAT) pathway of Escherichia coli and use either maltose-binding protein (MBP) or bL as the reporter for translocation of the protein of interest (Strauch and Georgiou, 2007; Waraho and DeLisa, 2009) . It has been shown that the TAT pathway not only promotes translocation of fully folded polypeptides, but excludes proteins from translocation as long as they have not accomplished a native-like conformation (Berks et al., 2000; Brüser et al., 2003; DeLisa et al., 2003) . This intrinsic folding quality control mechanism, which is most likely based on sensing the surface hydrophobicity of not correctly folded polypeptides (Berks et al., 2000) , can be used as a selection tool for proper folding and solubility Ribnicky et al., 2007) . Physiological substrates of the TAT pathway are mainly co-factor-containing proteins, certain membrane proteins and proteins showing premature folding (Weiner et al., 1998; Lee et al., 2006) . Furthermore, co-translocation of interacting proteins, with only one protein containing a TAT-directing signal peptide, has been described (Rodrigue et al., 1999) . This so-called 'hitchhiker export' can be exploited as a dimeric protein-protein interaction assay by fusing one of the putative interaction partners to the signal peptide and the other one to a reporter protein for periplasmic localization, e.g. MBP, DsbA (Strauch and Georgiou, 2007) or bL (Waraho and DeLisa, 2009) .
In the present study, we established new protein -protein interaction assays that rely on the intrinsic folding control of the TAT pathway and its ability to co-translocate proteins. These systems were tested using a number of peptides (summarized in Table I ) with known interaction partners as dimerization or oligomerization domains. A more detailed description of these peptides as well as of the coiled-coil motif is given in Supplementary data.
We continued to study the use of the hitchhiker translocation (HiT) as a selection system for homo-and heterodimeric protein -protein interactions and extended the system. First, we proved that the HiT selection system can also be employed for higher homo-oligomers. Second, we demonstrated that the system can be adjusted to select for proteins that support folding, solubility and/or stability of a target protein interposed between TAT-directing signal peptide and bL. And third, we combined the principles of HiT and PCA using optimized split bL fragments to establish a system for the identification and characterization of hetero-trimeric protein -protein interactions. To our knowledge, the latter is the first direct trimeric protein interaction assay in bacteria that can be used for screening and selection.
Materials and methods

Reagents
All chemicals were of pro-analysis quality and purchased from Sigma-Aldrich, Merck Darmstadt, VWR or Carl Roth unless stated otherwise. Restriction enzymes and buffers were from New England Biolabs, and PCR extender system from 5 Prime. Oligonucleotides were synthesized by Microsynth, Eurofins MWG Operon or Sigma-Aldrich, and synthetic peptides were purchased from Peptide Protein Research. Helper phages VCS M13 and E.coli strain (Levy et al., 2006; Vachtenheim and Borovanský, 2010) ; NHR2, (Liu et al., 2006) ; NHR2_HiT1-7 and NHR2_PhD (present work); TriA-C (Nautiyal et al., 1995) ; winzip peptides (Arndt et al., 2002). b Given are only interaction partners relevant for the present work. c NHR2 has been described to form tetramers (Liu et al., 2006) , in our hands, size-exclusion chromatography at 208C revealed formation of octamers (not shown), which might derive from the interaction of two tetramers.
XL1-Blue were from Stratagene and E.coli RV308 from the German Resource Centre for Biological Material (DSMZ).
Cloning
All vectors used in the present work were based on derivatives of the pAK400 vector (Krebber et al., 1997) besides the variations described here. These vectors contained in the following order the lacI repressor, a terminator, the CAP binding site, the lac promotor / operator region, the Shine-Dalgarno sequence of lacZ, a short sequence coding for an lacZ peptide, the Shine-Dalgarno sequence of the bacteriophage T7 gene10 and the gene of interest, the lpp terminator, the f1 origin, the antibiotic resistance gene and the pUC origin. To generate vectors with different resistances, the chloramphenicol resistance marker was exchanged with a kanamycin or tetracycline resistance. For this, the kanamycin resistance cassette of the pREP4 vector (Qiagen) was amplified by polymerase chain reaction (PCR) with the primer pair pr_fwd_KANres (AAATAATTAG AATGCTCCAT GGTTT ATGGA CAGCAAGCGA ACC) and pr_rev_KANres (TTA ATAAATT AAGCATTCCA TGGTTCGAACCCCAGAGT CC CGC) and was inserted into the chloramphenicol cassette via the BsmI restriction sites. The kanamycin resistance was then replaced with the tetracycline resistance cassette from vector pAK600 (Krebber et al., 1997) via NcoI restriction sites.
For the nucleotide sequences of the expression cassettes see Supplementary data. All peptide-encoding sequences were obtained by fill-in reactions of two overlapping synthesized oligonucleotides encoding the full-peptide sequence (Supplementary Table SII) flanked by NheI and AscI restriction sites for cloning, which resulted in an N-cap by alanine and serine and a C-terminal tag of glycine, alanine and proline. Sequences encoding the TEM-1 wild-type split bL fragments were obtained by PCR of pBR322 and sequences for the optimized split bL fragments were synthesized by Geneart. The sequence of TEM-116 bL was amplified by PCR with pUC19. Serine-glycine linkers (of 11 or 15 amino acids, see Supplementary data) were introduced between all fusions of a peptide and full-length bL or split bL fragments. No linkers were introduced after signal peptides.
The phagemid vectors were based on pAK100 (Krebber et al., 1997) and contained a weaker Shine-Dalgarno sequence (SD2) upstream of the PelB signal sequence, a short flag tag (Knappik and Plückthun, 1994) , the NHR2 sequence and the truncated geneIII. In contrast to pAK100, no amber stop codon was introduced between the NHR2 encoding sequence and the truncated geneIII.
Vectors for the expression of glutathione S-transferase (GST)-and GFP-fusion constructs were derived from vectors pAR200-GST-cFos and pAR200-helix-GFP described by Hagemann et al. (2008) by inserting the respective peptide encoding sequences via NheI/AscI restriction sites.
Evaluation of ampicillin resistance
Overnight cultures with Luria -Bertani (LB) media containing 1% glucose and marker antibiotics (25 mg/ml chloramphenicol (Cm) and/or 50 mg/ml kanamycin (Kan)) were inoculated from glycerol stocks of transformed E.coli XL1-Blue and incubated at 378C with orbital shaking. On the next day 15 ml 2 Â YT supplemented with the respective antibiotics were inoculated with overnight cultures to an OD 600 of 0.1 and then grown at 378C or-for the trimeric interaction assay-308C. As soon as OD 600 of 0.5 was reached, cells were diluted and plated on agar plates containing 1 mM isopropyl b-D-thiogalactopyranoside (IPTG) and different ampicillin concentrations or 1 mM IPTG and one of the marker antibiotics. After incubation for 16 -24 h (the same time was used for all plates of one assay) at 378C (288C for the trimeric interaction assay), the colonies were counted and percentages of surviving clones were calculated in relation to the number of colonies on ampicillin free plates, which was set to 100%.
For comparison of ampicillin resistances in liquid culture, cells were treated analogously, but instead of plating, cells were diluted to a start OD 600 of 0.03 in ampicillin-containing or ampicillin-free 2 Â YT. Cell growth was evaluated by repeated OD 600 measurements.
HiT selection
For the test selection, single clones were grown as described for the evaluation of ampicillin resistance. On reaching an OD 600 of 0.4 -0.6, the pre-cultures were diluted to an OD 600 of 0.0002 for the controls and an OD 600 of 0.00001 for the clone harboring the vectors encoding TorA-MITFcc and MITFcc-bL. Equal volumes of each dilution were combined, and 250 ml of this mixture (¼test library) was plated on ampicillin-containing agar plates (145 mm diameter) and 25 ml per control plate (94 mm diameter). The plates were incubated at 28, 32.5 or 378C until the colonies reached on average a diameter of 1 mm. After each selection round, single clones were tested for the presence of the plasmid combination encoding TorA-MITFcc and MITFcc-bL by test digest. All clones of one test library (MixA or MixB, see Table II ) that were selected at the same temperature and ampicillin concentration were pooled, diluted to OD 600 of 0.0002 and reselected under the same conditions as before.
A similar procedure was followed for the real selection of MITFcc-and NHR2-binding peptides. In these cases, the 15 ml pre-culture was started with an OD 600 of 0.1 by direct inoculation from a glycerol stock containing the respective library of co-transformed E.coli XL1-Blue cells. For the MITFcc targeting, one single selection was performed plating the cells on various ampicillin concentrations in parallel. In contrast, for the NHR2-targeting library, three successive selection rounds with increasing ampicillin concentrations were performed (50 mg/ml in the first, 100 mg/ml in the second and 200 mg/ml in the third selection round, each with 1 mM IPTG). After the second and third selection round, the remaining library was re-cloned into the original vector to purge any mutations that may have spontaneously occurred in the vector backbone or host genome.
Phage production
Phage particles were produced as described (Speck et al., 2011) . In brief: 60 ml cultures were grown at 378C to OD 600 of 0.3, infected with helper phage VCS M13, induced with 0.8 mM IPTG and then further incubated at 288C for 5 -6 h. Cells were removed by two consecutive centrifugation steps (5000 Â g, 15 min, 48C) and phage particles were recovered by two successive precipitation steps with PEG/NaCl (20% polyethylenglycol 6000, 2.5 M NaCl) and resuspension in TBS (25 mM Tris/HCl, 150 mM NaCl, pH 7.5). Phage concentrations were determined by absorption measurement according to Wiseman et al. (1976) : phage concentration ( phages/ml) ¼ ((A 269 -A 320 ) 6 Â 10 16 )/( phage genome in nt) Â dilution factor.
Phage enzyme-linked immunosorbent assay
Microtiter plates (96 wells, Maxisorb surface, Nunc) were coated overnight at 48C with 100 ml per well of 0.3 mg/ml NHR2-GST fusion protein in 0.1 M sodium bicarbonate buffer, pH 9.0 or M1 anti-flag antibody (Sigma-Aldrich) diluted 1 : 2500 in TBS. Wells coated with wild-type GST or without coated protein served to assess unspecific interaction of phage particles or phage-displayed peptides with the plate surface, GST or bovine serum albumin (BSA). After removal of the protein solution, plates were blocked with 1% BSA/ TBS (300 ml/well) for 1-2 h at 208C and washed five times with TBS containing 0.1% Tween 20 (TBST). One hundred microliters of 0.5% BSA/TBST containing 10 12 phage particles was added to each well and incubated for 1 -2 h at 208C. Unbound phage particles were removed by five washing steps with TBST. An anti-M13 antibody (horseradish peroxidase conjugate, 100 ml/well, GE Healthcare) 1 : 1000 diluted in 0.5% BSA/TBST was added and incubated for 1 h at 208C. Wells were washed five times with TBST, and 100 ml/well of a substrate solution containing ABTS (2,2 0 -azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)) were added. The change in absorbance at 405 nm was measured with a microplate absorbance reader (Sunrise, Tecan). All incubation steps were performed with mild agitation. For the detection of flag-tagged fusion proteins, all solutions were supplemented with 1 mM CaCl 2 .
Protein purification
Proteins were produced in E.coli strain RV308 at 268C (bL and split bL fragments) or 308C (GST and GST fusion proteins). Expression cultures (up to 9 Â 600 ml 2ÂYT containing antibiotics) were inoculated from overnight cultures to an OD 600 of 0.1 and incubated on an orbital shaker. For GST or GST fusion constructs, expression was induced with 1 mM IPTG at an OD 600 of 0.5. In the case of bL and co-expression of split bL, protein production was induced with 0.5 mM IPTG, and 100 mg/ml Amp was added 45 min after induction. Cells were harvested by centrifugation (4000 Â g, 10 min, 48C) 4 -6 h after induction. Cell pellets of GST or GST fusion constructs producing cells were stored at 2808C until further processing. For bL and split bL fragments, cell pellets were directly resuspended in TES buffer (100 mM Tris, 1 mM EDTA, 500 mM sucrose, pH 8.0) and incubated on ice for 90 min with occasional agitation. The cell suspension was centrifuged (43000 Â g, 45 min, 48C) and the supernatant containing the periplasmic protein fraction was dialysed thrice against 20 mM sodium phosphate, 500 mM NaCl, pH 7.0. After filtration (0.45 mm polyvinylidene difluoride (PVDF) syringe filter, Carl Roth), affinity purification of bL and co-expressed split bL fragments was performed using phenylboronate-superose affinity matrix (MoBiTec) and Ni-NTA-superflow columns (Qiagen).
For protein purification of GST and GST fusions, frozen cell pellets were thawed and resuspended in ice-cold phosphate-buffered saline supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), sonicated for 5 min on ice (Branson sonifier S250, 50% duty cycle, output 5 -6) and centrifuged (43000 Â g, 45 min, 48C). The supernatant was again sonicated for 1 min, filtered through a 0.45-mm PVDF syringe filter (Carl Roth) and subjected to affinity purification using a 1 ml-GSTrap cartridge (GE Healthcare) followed by size exclusion chromatography on a Superdex200 column (10/300 GL, GE Healthcare). All proteins used for binding analysis were over 95% pure as judged by Coomassie-stained 12.5% polyacrylamide gels.
Analysis by circular dichroism
Circular dichroism (CD) spectra were recorded with a spectropolarimeter (Jasco J-810) in the range of 190-300 nm. High-voltage signal amplification was required for the 0.5-cm cuvettes at wavelengths below 200 nm, and thus these values are less reliable. Raw data were converted to mean residue ellipticity (MRE) using
21 with c being the molar concentration, d the optical path length and nr the number of residues of the respective peptide. For historic reasons, MRE is given in deg Â cm 2 Â dmol 21 .The values of the negative ellipticity 'peaks' at 208 and 222 nm in CD spectra of peptides served to assess their a-helical content as well as their ability to form coiled-coil structures. According to Chen et al. (Chen et al., 1974 ) the helical content was calculated from the observed mean residue molar ellipticity as percentage of the predicted molar ellipticity for an a-helix of n residues length: [Q] 222 ¼ 39500 deg cm 2 dmol 21 Â (1 -2.57/n). In addition, greater negative ellipticity values at 222 nm than at 208 nm were considered as typical for a-helixes in a coiled-coil conformation (Cooper and Woody, 1990) . For thermal melts, the temperature was ramped with 0.58C/min and ellipticity was recorded at 222 nm. In the case of bL and split bL, 20 mM protein in 50 mM phosphate buffer, pH 7.0 were heated in a 0.1-cm quartz cuvette from 8 to 968C. In the case of the synthetic MITF-related peptides, 60 mM peptide, and in the case of other peptides (hDcc3R2 and AF10cc), 20 mM peptide was heated in 100 mM KF, 20 mM potassium phosphate, pH 7.0 in a 0.5-cm cuvette from 28 to 928C. KF was used to enable comparison with previous measurements. KF may influence the peptide behavior; however, only minor differences were detected when comparing melts in KF versus NaCl using a test peptide (helixLL, data not shown). Although thermal unfolding transitions were only partially reversible in most cases, apparent T m values were determined according to Pace (1986) assuming a two-state transition. Fitting of the experimental data was performed using SigmaPlot version 11.0 (Systat Software).
GdmCl-induced chemical denaturation
Chemically induced unfolding of bL and split bL was investigated by fluorescence measurements of protein samples containing increasing GdmCl concentrations. One-milliliter samples (0.2 mM bL, 0 -6 M GdmCl, 50 mM sodium phosphate, pH 7.0) were equilibrated overnight at room temperature and changes in tertiary structure were studied by intrinsic tryptophan fluorescence measurements using a spectrofluorimeter (Jasco FP-6500). Samples were excited at 280 nm and the decrease of fluorescence intensity as a function of increasing GdmCl concentrations was monitored at 340 nm. Since an intermediate state was barely visible for the full-length enzyme and indiscernible for the split bL, we fitted the experimental data according to Pace (1986) assuming a two-state transition. Curve-fitting was performed using SigmaPlot version 11.0 (Systat Software).
Enzyme kinetics
Catalytic constants (k cat values) were determined at 258C using the chromogenic cephalosporin-derivative nitrocefin (Becton Dickinson) (0.2 mM nitrocefin, 50 mM potassium phostphate, 0.5% dimethyl sulfoxide, pH 7.0). Twenty microliters of a freshly prepared 50 nM enzyme solution were mixed with 980 ml nitrocefin solution and the change in absorbance at 486 nm was recorded for 60 s. The maximum reaction rate served to calculate apparent k cat values with the change in the extinction coefficient from non-hydrolyzed to hydrolyzed nitrocefin at 486 nm D1 486 ¼ 16 000 M 21 cm
21
.
Results
Correlation of cellular fitness with interaction in a dimeric bL hitchhiker system
We semi-quantitatively tested the utility of the HiT mechanism for the selection of dimeric protein -protein interactions by fusing one of the proteins to the TAT-directing signal peptide TorA and putative interaction partners to the enzyme b-lactamase (bL) lacking its natural signal sequence ( Fig. 1A and B) . In this configuration, bL should only translocate to the periplasm if the two proteins interact with each other. And since bL mediates antibiotic resistance only upon reaching the periplasm, this system provides a very convenient way to screen or select for protein interactions by growing bacteria in the presence of b-lactam antibiotics (e.g. ampicillin). At first, we aimed to validate the suitability of bL as reporter for TAT-mediated translocation and the correlation of the in vivo performance of E.coli cells (i.e. ampicillin resistance) with the interaction strength of the two coiled-coil domains fused to TorA and bL. Therefore, we performed a proof-of-concept experiment, in which coiled-coil-forming helices of known affinities (winzipA2 and winzipB1; Arndt et al., 2002) served as dimerization domains (for a description of the coiled-coil motif and details on all peptides mentioned in this manuscript see Supplementary data; a short overview is given in Table I ). Using CD, the midpoint of thermal transition (T m ) of the winzipA2-winzipB1 heterodimer has been determined to be 63.28C, while the homodimers melt at 54.28C (winzipA2) and 27.68C (winzipB1), respectively (Arndt et al., 2002) . In perfect agreement with the described in vitro stability of the helix pairs, the heterodimer conferred resistance to higher ampicillin concentrations than the winzipA2 homodimer and cells co-expressing the TorA-winzipB1 and winzipB1-bL fusion constructs did not even survive the lowest ampicillin concentration, if incubated at 378C (Fig. 1C ). As controls, we also tested eight other peptide combinations by replacing either winzipA2 or winzipB1 with one of two 'control peptides' (NHR2 or AF10) that were expected to interact with winzipA2 and winzipB1 only very weakly or not at all. Only for one of the eight controls (combination of AF10cc fused to TorA and winzipA2 fused to bL), just a few cells (,20%) survived the lowest ampicillin concentration. All other controls were negative (Fig. 1C) .
Application of the dimeric bL hitchhiker system for MITF coiled-coil-interacting peptides
The excellent signal-to-noise ratio and the good correlation of the ampicillin resistance in vivo with the stability of the corresponding peptide interaction in vitro encouraged us to apply the HiT system as a selection system and interaction reporter for a peptide library targeting the coiled-coil region of the human transcription factor MITF (MITFcc), a protein involved in melanocyte proliferation and differentiation and in the development of melanomas (Levy et al., 2006) .
MITFcc is known to homodimerize under physiological conditions. Therefore, we first tested the homomeric interaction of the wild-type MITFcc fused to both the TorA signal peptide and bL, and observed a very low ampicillin resistance at 378C ( Fig. 2A) , indicating a relative weak interaction of the two helices in the MITFcc homodimer.
Second, we established the selection settings with two minimal 'library' compositions. In this test setting homodimeric MITFcc interaction should promote survival and thus enrichment in the clone pool, whereas combinations of MITFcc with non-interacting control peptides should be depleted. These control peptides were: winzipA2, winzipB1, NHR2, AF10cc and hDcc3R2. For the first test library, named MixA, we mixed clones co-expressing TorA-MITFcc and MITFcc-bL with clones co-expressing TorA-MITFcc and a control peptide fused to bL. In a second mixture, named MixB, the position of MITFcc and the peptide test-library was switched. The cell mixtures were grown under six conditions: at 28, 32.5 or 378C in the presence of either 15 or 30 mg/ml ampicillin, and plasmid content of individual clones was analyzed after each round of plating (Table II) . Under conditions with the highest selection pressure (30 mg/ml ampicillin, 378C) no colonies grew. All other conditions led to the expected enrichment of clones co-expressing TorA-MITFcc and MITFcc-bL, out-performing all other clones. Importantly, the speed of enrichment correlated not only with the ampicillin concentration but also with temperature, demonstrating that temperature as well as antibiotic concentration can be adjusted to fine-tune the selection pressure. The first of the two acronyms below the x-axis gives the peptide fused to TorA and the second acronym refers to the peptide fused to bL. Error bars indicate standard deviation of colony numbers of three plates each. (B) Thermal unfolding transitions of chemically synthesized peptides (labels shown in inset, data from CD spectroscopy, 60 mM peptide, 0.1 cm cuvette). The solid lines represent fits of experimental data assuming a two-state transition. The dotted line is the mathematical average of the fitted homodimeric peptide measurement and approximates a curve, which would be seen if peptides are mixed but would not interact. The mixture of the selected variant iM6 with MITFcc (grey diamond) shows an increased apparent T m value for the interaction, which is shifted by 13.48C compared to MITFcc homodimer. Both tests demonstrate that the interaction of iM6 with MITFcc is significantly stronger than that of the MITFcc homodimer. Due to the good selection performance achieved with 30 mg/ml ampicillin at 32.58C, these conditions were subsequently chosen for the selection of MITFcc-binding peptides from a 'real' library.
Our peptide library was created by partially randomizing seven amino acids of the wild-type MITFcc peptide. Six of the seven positions are located in the hydrophobic interface of the homodimeric MITFcc coiled-coil ( positions a and d in Table III ; Supplementary Fig. SIII ). This library was fused genetically to bL and E.coli cells co-transformed with the library vectors and the vector encoding for TorA-MITFcc were selected once at 32.58C on plates containing either 30, 50, 80, 160 or 240 mg/ml ampicillin. After overnight incubation, several colonies formed on all plates, and all clones grown at the same ampicillin concentration were pooled. The sequencing chromatograms of all plasmid mixtures showed overlaying signals at the randomized positions (not shown). For the plasmid pool of clones grown at 240 mg/ml ampicillin, all randomized positions showed a clear preferences for one amino acid. This consensus sequence is given in Table III . Without performing additional selection rounds we analyzed single clones picked from the 240 mg/ml ampicillin plate. As an example, Fig. 2A shows an ampicillin resistance test of one of the selected clones (named iM6) in comparison with the wild-type MITFcc homodimer. For this test, the encoding sequence of the selected peptide was re-cloned in both the TorA and the bL-containing vectors.
This semi-quantitative assay showed that the heterodimer of the selected peptide (iM6) and MITFcc is much more stable than the MITFcc homodimer. Furthermore, a comparison with Fig. 1C indicated that the strength of the iM6:MITFcc interaction ranges between the strength of the winzipA2-winzipB1 heterodimer (T m ¼ 63.28C) and that of the winzipA2 homodimer (T m ¼ 54.28C) (Arndt et al., 2002) . In accordance with this observation, CD measurements monitoring the structural loss caused by thermal denaturation of the respective synthetic peptides revealed a T m of 58.58C for an equimolar mixture of the selected peptide with MITFcc, significantly surpassing the T m of 45.28C for the MITFcc homodimer (Fig. 2B ). The iM6 homodimer had a T m of 57.48C. The details of the library design, course of further selections and more detailed biophysical characterization of the best selected MITFcc-binding peptides will be described elsewhere (Kükenshöner T. et al., in preparation). In summary, the described experiments demonstrated that bL is indeed a reliable and convenient reporter for periplasmic localization and thus for HiT, and that the achieved ampicillin resistance levels (hence, the in vivo performance) correlated very well with the T m values of the corresponding peptide interactions in vitro. Furthermore, the example of iM6 showed that the HiT system can easily be used to identify peptides or proteins from a library of closely related polypeptides that bind to a specific target protein with improved affinity.
Hitchhiker export of bL as selective tool for oligomeric protein -protein interactions
The established HiT selection system was further used to investigate interactions of a homo-oligomeric helix bundle, which has been described to be formed by four NHR2 domains of the ETO protein (Liu et al., 2006) . In our hands, when performing size-exclusion chormatography of fusions with a monomeric variant of GFP even higher oligomers (i.e. octamers) were detected (not shown).
Similar to the experiments with the MITF homodimer, the NHR2 wild-type peptide was fused genetically to both the TorA signal peptide and bL. Co-transformation of the two vectors rendered E.coli cells resistant to low ampicillin concentrations (Fig. 3A) . This indicated that folded structures ( presumably tetramers or higher oligomers) containing at least one TorA-NHR2 and one NHR2-bL fusion were formed and translocated successfully to the periplasm. Consequently, we tested whether the HiT selection can identify peptides that bind to NHR2 with improved affinity, replacing at least one strand of wild-type NHR2 in the helix bundle. To this end, a randomized NHR2 library (described in Supplementary data) was cloned in fusion to the bL gene and co-transformed into E.coli with the vector encoding for TorA-wild-type NHR2. The same library was additionally cloned into a phagemid vector and selected for NHR2-binding peptides by phage panning (details of the phage panning procedure are given in Supplementary data). Although several attempts have been made, the success of the phage selection was hampered by genetic instability (accumulation of non-sense mutations and frame shifts) and a tendency to enrich peptides with low binding specificity (data not shown). Hence, the phage display pre-selected library was also cloned into the vector for HiT selection. 
In the wild-type MITFcc, the underlined positions correspond to the partially randomized residues of the library; in the iM6 sequence, the highlighted positions mark the two residues where iM6 differs from the consensus sequence of the pool.
The native library, as well as the phage display preselected library, was subjected to three successive rounds of HiT selection with increasing ampicillin concentrations (50, 100 and 200 mg/ml). After the third round, single clones were sequenced (Table IV) . The clones from the HiT selection of the native library showed five different sequences, four of them were similar to each other and the fifth sequence was found six times. In the case of the pre-selected library, seven of eight clones were sequence identical and the remaining clone showed the same sequence plus two additional mutations. As indicated in Table IV , three clones (named NHR2_HiT2, -5 and -6) were chosen for further investigation: the two clones which were found several times and one 'representative' of the four clones with similar sequences.
To rule out that the increased ampicillin resistance was caused by spontaneous mutations in the vector backbone or host genome, the peptide-encoding sequences of NHR2_HiT2, -5 and -6 were re-cloned into the original vector. The improved ampicillin resistance of co-transformed bacteria was confirmed in all cases (Fig. 3A) . In addition, the ampicillin resistance of the HiT-selected NHR2 mutants was compared with that of wild-type NHR2 and the best clone identified by phage display (named NHR2_PhD1). All three HiT-selected clones showed significantly increased resistance to ampicillin in comparison with the wild-type NHR2 interaction. In contrast, bacteria co-expressing TorA-NHR2 and NHR2_PhD1-bL did not grow on 25 mg/ml ampicillin, which was the lowest concentration tested. To verify that the translocation of bL depended on interaction with the TorA-NHR2 construct and was mediated by the TAT pathway, co-transformants with a construct that encoded for a mutated TorA peptide (twin arginines replaced by lysins) served as negative controls. These clones did not grow in the presence of ampicillin (not shown).
As we wondered how HiT-selected peptides would function in other selection systems, we confirmed NHR2-specific binding of NHR2_HiT2, -5 and -6 using phage display. The encoding genes were cloned into the phagemid vector and binding to a GST fusion of the wild-type NHR2 helix was investigated by phage enzyme-linked immunosorbent assay (ELISA; Fig. 3B ). All selected clones, including NHR2_PhD1, showed increased binding to NHR2 in comparison with the wild-type interaction. Remarkably, NHR2_PhD1 showed a relatively high unspecific interaction with GST and BSA, while NHR2_HiT2, -5 and -6 bound very specifically to the NHR2-GST fusion. Since we employed a phagemid system for binding analysis, variations in phage display levels can influence the ELISA signals and needed to be taken into account. Therefore, we assessed the relative display levels of the flag-tagged peptides with an anti-flag antibody (Fig. 3B ) and used the flag-tag detection signal as reference for normalization of ELISA data (Fig. 3C ). These data indicated superior binding of the clone NHR2_HiT6, which was derived from HiT selection of the phage display pre-selected library, over the two clones only selected by HiT, and, importantly, also over NHR2_PhD1. The latter clone succeeded in the phage display selection probably by increased display levels rather than improved binding. Overall, the identification of three peptides binding more firmly to NHR2 than the wild-type counterpart confirmed that the HiT system is not only applicable for dimeric interactions but also for the targeting of oligomeric interactions. As a side note, an NHR2_HiT5 fusion with GFP was found to form the same oligomeric state (i.e. octameric) as NHR2 wild type in size exclusion chromatography.
Selection of folding helper molecules employing the TAT folding quality control
The intrinsic folding quality control of the TAT pathway hinders translocation of poorly folded polypeptides. Hence, this control mechanism should be applicable as a selection tool to improve a polypeptide's folding efficiency by directed evolution as well as a screen or selection tool for conditions Fig. 3 . Characterization of NHR2-binding peptides selected by HiT and/or phage display. Note that the NHR2 helices form a tetramer in the crystal structure (Liu et al., 2006) . (A) Ampicillin resistance test of single clones expressing different plasmid combinations encoding for wild-type NHR2 fused to TorA and different NHR2 variants fused to bL as indicated below the x-axis. Error bars indicate standard deviation of colony numbers of 3-4 plates each. (B) Analysis of affinity and specificity of phage displayed peptides to NHR2 by phage ELISA. Wells were coated with NHR2-GST fusion protein, anti-flag antibody or wild-type GST and blocked with BSA or contained only BSA. Helper phages without display served as negative control (neg ctrl). Error bars indicate standard deviations of triplicate measurements. To take the differences in display level into account, the NHR2 binding signal was divided by the anti-flag signal, which is proportional to the peptide display level. The result of this normalization is given in (C).
under which the folding is improved without modifying the protein itself. Besides variations of culture conditions, folding improvement without protein modification is best achieved by co-expressing molecules that support the folding process.
To ascertain that the folding quality control of the TAT pathway can be employed to screen or select for 'folding helper molecules', we conducted the following experiments. Initially, we investigated the ability of the TAT machinery to discriminate between polypeptides by their differences in folding, stability and/or solubility. To this end, vectors encoding for fusion proteins of TorA signal peptide, a polypeptide and bL (TorA-peptide-bL) were constructed (Fig. 4C ) and the resulting TAT-translocation efficiency was investigated by monitoring the growth of transformed E.coli cells in the presence of ampicillin. As shown in Fig. 4A , the constructs containing peptide hDcc3R2 or hDcc3FL (which consists of hDcc3R2 and 21 additional residues) did not confer resistance to ampicillin under the tested conditions, while clones expressing the AF10cc, winzipA2 or winzipB1 containing constructs survived. This correlated very well with our observation that the hDcc3R2 peptide is poorly soluble in aqueous solution (100 mM KF, 10 or 20 mM potassium phosphate, pH 7.0) and that its CD spectrum shows relatively a low a-helical structure content even at 288C and no tendency to form a coiled-coil structure ( Fig. 4B and Table V) . In contrast, AF10cc is much more soluble in aqueous solution and yields typical a-helical CD spectra at 58C or even 208C. For comparison, the previously selected peptides winzipA2 and winzipB1 yield at 150 mM and 58C a helical content of 100 or 85%, respectively (Arndt et al., 2002) To further illuminate the properties of the selection system, we tested if the substitution of four solvent-exposed hydrophobic residues (2 Â leucine, isoleucine and valine) by alanine in the hDcc3R2 peptide enhances the translocation efficiency of the TorA-peptide-bL fusion protein and thereby improves ampicillin resistance of the cell. Indeed, cells expressing this modified construct (hDcc3R2-bf mut in Fig. 4A ) showed even higher ampicillin resistance than clones expressing the AF10cc, winzipA2 or winzipB1 constructs.
The hDcc3R2 peptide forms a coiled coil with AF10cc (Räuber C. et al. in preparation). Thus, the presence of AF10cc is expected to improve folding and solubility of hDcc3R2 as well as the overall structure of a TorA-hDcc3R2-bL fusion protein and its resistance against degradation (see scheme in Fig. 4D ). Consequently, AF10cc co-expression was expected to improve translocation efficacy of the TorA-hDcc3R2-bL construct and-possibly to a minor extent-of the longer TorA-hDcc3FL-bL construct. Interestingly, a mixture of hDcc3R2 and AF10cc peptides was nicely soluble in aqueous solution-while hDcc3R2 alone was not-and the CD spectrum of the peptide mixture showed a high content of a-helical structure and coiled-coil formation ( Fig. 4B and Table V) . By testing the ampicillin resistance of clones expressing the TorA-hDcc3R2-bL or TorA-hDcc3FL-bL fusion constructs either alone or in combination with AF10cc, we additionally detected that the presence of AF10cc significantly increased the translocation by TAT and thus the resistance to ampicillin (Fig. 4E) . This observation confirmed our assumption that the folding control mechanism of the TAT pathway can also be exploited to screen for 'folding helper molecules' that support the folding process of a target protein without modifying the protein's amino acid sequence.
Design of a trimeric protein -protein interaction assay comprising optimization of split bL fragments
Further, we intended to develop a trimeric protein -protein interaction assay exploiting HiT selection in combination 
The first 59 of 67 residues are given. No mutations were found in the remaining eight amino acids (IRRYSDAE). The library used for the selection procedure was based on the mixture of an error-prone library and a designed library as described in Supplementary data. The positions that were partially randomized in the designed library are underlined. Sequences were grouped according to their origin: NHR2_PhD1 was derived from phage display selection, NHR2_HiT1-5 were gained by HiT selection and NHR2_HiT6 and -7 were found in clones derived from HiT selection of the phage display pre-selected library. NHR2_PhD1 and NHR2_HiT2, -5 and -6 (written in italics) were chosen for further characterization (Fig. 3) .
with protein fragment complementation. For this purpose, we fused one peptide each of a heterotrimeric coiled-coil motif (TriA, TriB and TriC; Nautiyal et al., 1995) to the TorA signal peptide, the aminoterminal (a-) fragment and the carboxyterminal (v-) fragment of TEM-1 bL (residues 26-199
and 200-290, respectively; numbering according to Ambler et al., 1991; Fig. 5A ). Trimerization of the peptides TriA, TriB and TriC to a stable helix bundle was expected to drive protein fragment complementation and subsequent TAT-dependent translocation of the properly folded and The helical content was calculated from the observed mean residue molar ellipticity (MRE) as percentage of the predicted molar ellipticity for an a-helix of n residues length according to: [Q] 222 ¼ 39 500 deg cm 2 dmol 21 Â (1-2.57/n) (Chen et al., 1974) . catalytically active bL into the periplasm (Fig. 5B) . Nonetheless, co-expressing the three respective plasmids in E.coli did not confer resistance to ampicillin (not shown).
Assuming that trimerization and stability of the helix bundle should meet the requirements for TAT-dependent translocation, we focused on optimizing stability and activity of the split bL fragments to improve the interaction assay. Therefore, we slightly shifted the split position and introduced nine presumably stabilizing mutations into the two bL fragments (Fig. 6A and B) : V31A, R120G, H153R, M182T, L201P, I208M, E212K, A224V and R275L. The applicability of the re-designed split bL fragments was first tested in a dimeric PCA. In this PCA, the two enzyme fragments (each fused to either winzipA2 or winzipB1) were independently translocated into the periplasm by the general secretory pathway (SEC). After translocation, reconstitution of the whole enzyme was driven by the interaction of the winzip peptides. Again, ampicillin resistance ( Fig. 6C and D) correlated with published in vitro affinities (Arndt et al., 2002) for the tested peptide combinations. Cells expressing only one bL fragment, both fragments but one without a peptide (not shown) or one of the two fragments fused to AF10cc instead of a winzip peptide, served as negative controls and did not even grow on the lowest ampicillin concentration tested. To further evaluate the effect of our split bL re-design, we purified the bL fragments fused to winzipA2 and winzipB1 and investigated activity and stability of the engineered enzyme fragments by determining the catalytic activity (k cat ) and the midpoints of transition for thermal (T m ) as well as guanidine-induced (D1 2 ) unfolding ( Fig. 6E and F) . From the latter experiment we derived a DG H2O value. As summarized in Table VI , the activity, as well as chemical and thermal stability of the reassembled enzyme, was at or above the level of full-length wild-type bL, and most remarkably, the activity was far superior to earlier published values for other split bL variants (k cat of 0.1 -20 s
21
; de las Heras et al., 2008) . Finally, the improved split bL fragments were successfully utilized in the trimeric protein-protein interaction assay Fig. 1 ) required for the trimeric proteinprotein interaction assay. (B) Schematic representation of the principle underlying the trimeric selection system combining HiT and PCA. The scheme illustrates that protein fragment complementation and subsequent translocation of functional bL into the periplasm depend on the interaction of all three interaction domains (e.g. helical peptides). For clarity, the split bL fragments are shown in a native-like conformation although their structure before reassembly is unknown. (C) Ampicillin resistance test of single clones expressing different plasmid combinations. The first of the three letters below the x-axis gives the peptide fused to TorA, the second letter refers to the peptide fused to the a-fragment of split bL, and the third letter refers to the peptide fused to the v-fragment of split bL (A: TriA, B: TriB, C: TriC, N: NHR2). Combinations including an NHR2 peptide served as negative controls.
described above (Fig. 5A and B) . As shown in Fig. 5C , cells expressing the peptides TriA, TriB, TriC fused to TorA, aand v-bL fragments, respectively, were resistant to ampicillin, regardless of orientation. Replacing one of the peptides with the peptide NHR2 served as negative control, since it was not expected that this peptide would firmly Ribbon structure of full-length bL with the parts corresponding to the a-and v-fragments of split bL shown in marine and light blue, respectively (image generated from pdb 1BTL (Jelsch et al., 1993) with PyMol). (A) Illustration of the shifted split position. Residues L199 and L198, which are now part of the a-fragment and mainly contact residues in the N-terminal part of the full-length enzyme are highlighted as pink spheres. (B) Distribution of all mutations introduced to stabilize the split bL fragments. Mutated residues are shown as spheres and colored according to atom types, with gray, blue, red and yellow for carbon, nitrogen, oxygen and sulfur atoms, respectively. The last residue of the a-fragment is highlighted in pink. (C) The functionality of the newly designed split bL fragments was tested in a dimeric PCA as shown schematically. Both fragments were translocated independently to the periplasm by the SEC pathway. Interaction of the fused peptides (shown in orange and yellow) was expected to drive reconstitution of functional bL and thus to result in resistance to ampicillin. (D) Ampicillin resistance test of clones co-expressing the split bL fragments fused to different peptide combinations as indicated below the x-axis. The first acronym refers to the peptide fused to the a-fragment and the second acronym refers to the peptide fused to the v-fragment (wz: winzip). (E and F) Comparison of the stability of full-length wild-type bL and optimized reassembled split bL by thermal unfolding measuring ellipticity at 222 nm (E) as well as chemically induced unfolding by monitoring the intrinsic tryptophan fluorescence (F). Lines in panel E and F represent fits of experimental data according to Pace (1986) assuming a two-state transition.
interact with any of the TriA-C peptides. To our knowledge, this is the first published trimeric interaction assay in which all three parts are absolutely required to give a positive signal.
Discussion
The HiT as selective tool
We have engineered several screening and selection systems that build upon the TAT pathway and its intrinsic folding quality control mechanism. We chose the TorA signal sequence to target the protein (or protein complex) of interest to the translocon, and bL as reporter for the periplasmic localization. TorA was chosen since this leader peptide has been shown to be highly specific for the TAT pathway (DeLisa et al., 2003; Tullman-Ercek et al., 2007) . The use of bL as a reporter protein that confers a phenotype (ampicillin resistance) only after export to the periplasmic space was in our opinion much more attractive than employing GFP, MBP or DsbA as described in other publications (DeLisa et al., 2002; Strauch and Georgiou, 2007) . Most importantly, the use of bL provides a very economic and straight forward selection-by-survival principle ideal for high-throughput applications without the need for specific instrumentation such as a cell sorter or fluorescent microscope. Only MBP allows for similar selection by survival when using an MBP-deficient E.coli strain and minimal medium with maltose as the sole carbon source. The growth on minimal medium, however, is very slow compared with LB or 2 Â YT media. In addition, the possibility to fuse proteins to MBP without impairing its physiological function seems to be more limited than for bL (Fisher et al., 2008) . Furthermore, due to its frequent use as a model enzyme for protein engineering, TEM bL is a very well-known protein, with a multitude of available information on its function, structure and stability as well as on stabilizing mutations (Osuna et al., 2002; Hecky and Müller, 2005; Kather et al., 2008) . It might be interesting to test stabilized and fast folding bL variants to further improve the HiT selection system by enhancing the focus of the selection pressure on the protein fused to bL. In addition, bL can also be split into two fragments that can reassemble to a functional enzyme (Garlaneau et al., 2002; Wehrman et al., 2002) , which provided the possibility to combine the principles of HiT and PCA.
Yet, there are also some minor drawbacks when using bL as reporter protein. Many b-lactam antibiotics including ampicillin are relatively unstable and heat sensitive. Consequently, not only the release of enzymes from dead cells but also prolonged incubation times result in degradation of ampicillin and thus a decrease of selection pressure over time, which can be problematic when working with liquid cultures. Therefore, we used liquid cultures only for reference experiments, while library selections were always performed on freshly prepared agar plates. It should also be mentioned that more stable analogs (e.g. carbenicillin) exist but are relatively expensive. Although the usefulness of bL has been questioned by others (Strauch and Georgiou, 2007) , in our hands, bL is a very effective and convenient indicator for TAT-mediated translocation and gave good signal-to-noise ratios in all described selection systems.
In the first step, we established a dimeric HiT selection system comparable with the one described by Waraho and DeLisa (2009) . As demonstrated with the winzipA2 and winzipB1 peptides, this system can be used to investigate protein -protein interactions semi-quantitatively. The system was further tested exploring the homodimeric interaction of the MITF coiled-coil domain. The relative low resistance to ampicillin, compared with clones bearing the winzip constructs, is mainly explained by the lower T m of the MITFcc homodimer and by competition of all three possible dimerizations (TorA-MITFcc:MITFcc-bL; TorA-MITFcc: TorA-MITFcc and MITFcc-bL:MITFcc-bL), of which only the combination TorA-MITFcc:MITFcc-bL leads to translocation of bL. As we have shown, reducing incubation temperature is an effective alternative to reducing antibiotic concentration to recover survival of E.coli cells co-expressing the MITFcc constructs. We further tested the HiT system in test selections, varying the temperature and the ampicillin concentration. With all tested settings, cells co-expressing the respective MITFcc constructs outperformed all controls and the speed of MITFcc-homodimer enrichment correlated with the selection pressure. Besides the parameters temperature and ampicillin concentration, which we analyzed, many other parameters could be varied to adjust the required selection pressure. First of all, the amount of inducer (e.g. IPTG) can be modified. The translocation capacity and efficiency can be improved by overexpressing the genes tatABC (Barrett et al., 2003) encoding for the translocon components or the gene encoding the chaperone TorD, which specifically enhances the translocation of proteins with a TorA leader peptide (Li et al., 2006) . Furthermore, we designed an MITFcc-derived peptide library by varying residues mainly in the core of the MITFcc homodimer, and we successfully identified peptides that interact more strongly with the wild-type peptide after applying just a single round of HiT selection at 32.58C. The dominant pool sequence of the clones selected on 240 mg/ml ampicillin differed from the wild-type MITFcc in six of the seven partly randomized positions, and the iM6 variant in all seven positions. Interestingly, sequencing the library pool revealed a clear signal at one of the randomized positions (a 6 ), which resulted in an exchange of isoleucine by alanine. All other a positions were occupied by isoleucine, leucine and valine. Residues at the a and d positions are not only important for the formation and stability of the coiled-coil core but have also a major impact on the oligomerization states of coiled coils (Harbury et al., 1993; Zhu et al., 1993) . The presence of isoleucine at a positions and leucine at d a Thermodynamic parameters refer to GdmCl-induced unfolding transitions and were determined using the fluorescence intensity data shown in Fig. 6F . Data were analyzed according to the linear extrapolation method (Pace, 1986 ) assuming a monophasic unfolding transition.
positions is known to favor the formation of dimeric coiled coils. However, a more detailed characterization and comparison of additional MITFcc-derived variants are needed to evaluate the importance of the three isoleucine at the a 1 , a 2 , and a 7 positions in iM6 for the interaction with wild-type MITFcc.
Applicability of the HiT selection system for homo-oligomers
We also tested the applicability of the HiT selection system for higher-order homo-oligomers. As an example, we aimed to identify peptides that can replace at least one of the a-helices in a homo-oligomeric NHR2 helix bundle and that bind to NHR2 with higher affinity than the wild-type counterpart. In the described setting of HiT selection, a dimeric interaction of one peptide each fused to TorA and to bL would theoretically have been sufficient to give a positive readout. However, in the HiT selection procedure, the putative NHR2-interaction partners of the library fused to bL had to compete with homo-oligomerization of the TorA-NHR2 fusion. Since NHR2 has been described to form very stable homo-tetramers with a T m of 858C (Wichmann et al., 2010) , it was rather unlikely to identify NHR2-derived peptides that interact with wild-type NHR2 in a dimeric way firmly enough to compete with tetramers of TorA-NHR2. To test the oligomerization state of NHR2 and its selected derivative NHR2_HiT6, we purified GFP fusion constructs of these peptides and analyzed the homomeric complexes by size-exclusion chromatography at 208C (data not shown). Surprisingly, both, NHR2-GFP and NHR2_HiT6-GFP, were found to form octameric complexes, making it even more unlikely that TorA-NHR2 and NHR2_HiT6-bL interacted in vivo in a dimeric way. The discrepancy of our size exclusion data and the results from NHR2 crystallization as well as ultracentrifugation experiments (Liu et al., 2006) might indicate that the octamers found in SEC resulted from metastable assembly of two tetra-helix bundles. Nevertheless, an in vivo shift to dimeric interactions would only be expected, if the higher oligomers exceed the size limit for TAT-mediated translocation, which has been estimated to 160-180 kDa (Strauch and Georgiou, 2007) . The calculated molecular weights of the TorA signal peptide, NHR2 and bL are 4.2, 8.7 and 28.9 kDa, respectively. Thus, it is even possible that translocation competent octamers formed in vivo (e.g. a complex of six TorA-NHR2 plus two NHR2_HiT6-bL has a calculated molecular weight of 153 kDa). Since the HiT selection with the NHR2 library was successful and selected NHR2 library clones maintained the oligomeric state, we can conclude that multimerization and the potentially exposed hydrophobic surface of this case did not pose a problem to the system and that for the analyzed cases selection did not work against multimerization.
To identify NHR2-derivatives that bind with higher affinity to NHR2 than NHR2 itself, the selection pressure was progressively increased with ongoing selection rounds. Even at an ampicillin concentration that completely prevented the growth of clones expressing the NHR2 wild-type constructs, several colonies formed. This indicated that HiT selection was indeed able to identify peptides that interact more strongly with NHR2 than the wild-type peptide. Sequence analysis of single clones showed a significant accumulation of only a few sequences that were similar to one another. It was therefore rather unlikely that further selection without additional sequence diversification (e.g. random mutagenesis or DNA shuffling), would lead to further improved variants.
In a parallel experiment, the same library was also subjected to phagemid display with very limited success. This might partially be explained by the oligomeric character of the homomeric NHR2-interaction and the low (typically monovalent) display levels achieved in a phagemid system. Although the average binding of the phage libraries to NHR2 peptide was somewhat increased with on-going panning rounds (data not shown), the library remained highly diverse-as revealed by sequencing-and additionally suffered from genetic instability. Furthermore, the specificity of interaction diminished continually, indicating that 'sticky' peptides with the tendency to interact non-specifically with other polypeptides were enriched. This was further corroborated when transferring the best clone identified by phage display (NHR2_PhD1) into the HiT system. As would be expected for any 'sticky' peptide this clone did not confer ampicillin resistance, probably because it interacts not only with the target protein but also with several other cytosolic proteins, impeding TAT-mediated translocation. In our opinion, the intrinsic selection against hydrophobic, unstructured or sticky proteins is one of the most valuable features of the HiT selection system.
We also combined the two selection systems by subjecting the phagemid-preselected library to additional selection by HiT. In the ampicillin resistance test the predominant clone found after three HiT selection rounds (NHR2_HiT6) performed equally well as one of the clones selected only by HiT, but outperformed all identified clones in phage ELISA, in particular when taking the display level into account. Since we worked with a phagemid system, the number of displayed proteins per phage particle could theoretically vary between zero and all gene3 proteins (approximately five per phage particle) substituted by the peptide-gene3 fusion protein. Even though the flag tag (Knappik and Plückthun, 1994) allowed for the evaluation of the relative display levels, the conducted normalization (division of signal by relative display level) of the NHR2-specific interaction still underestimated the impact of the display level since the oligomeric nature of this interaction results in a disproportionate relation between display level and signal intensity. However, a comparison of the ELISA signals clearly showed that the phage particles displaying HiT-selected peptides (especially NHR2_HiT6) bind stronger to wild-type NHR2 than NHR2 itself despite the relatively low display levels.
Interestingly, independent of the selection system, clones with incorporated prolines were identified. This was surprising since this amino acid results in a local disruption of a-helical structure and is not expected to improve coiled-coil structures. However, the accumulation of proline residues in two different selection systems indicates that the resulting bend in the polypeptide chain might be advantageous for the formation of higher-order helix bundles. It is also possible that a local structural disintegration provided beneficial flexibility.
Although we investigated NHR2-binding only by ampicillin resistance test and phage ELISA, we were able to show that the HiT system with only two components (TorA-'polypeptide 1' and 'polypeptide 2'-bL) can also be used to investigate and target homomeric interactions of higher order. Furthermore, based on the described observations, we hypothesize that the combination of selection systems has important advantages over increasing the number of selection rounds without changing the selection system. Any selection system has its own bias, for example, the accumulation of 'sticky' clones may occur when using phage display. However, clones arising from unwanted features of one selection system typically do not have a similar advantage in another selection system, and thus can be purged by shifting to or alternating with another selection strategy. Advantageous effects arising from the combination of an in vitro selection method (e.g. phage or ribosome display) with an in vivo selection step (e.g. PCA or Y2H) have also been observed by others (Visintin et al., 2002; Amstutz et al., 2006; Secco et al., 2009) .
The folding control mechanism as a selective tool
The first efforts to employ the TAT-pathway for directed evolution focused mainly on improving folding and solubility of the target protein by selecting variants from a genetically diversified library (DeLisa et al., 2002; Fisher et al., 2006; Ribnicky et al., 2007) . We raised the question whether the same selection mechanism would also be applicable to select for specific conditions under which folding, solubility and/or stability of a protein are improved without modifying the protein's amino acid sequence.
At first, we confirmed that translocation efficiency of TorA-peptide-bL fusion constructs correlated with the peptides' solubility and helical structure, which was determined by CD spectroscopy of chemically synthesized peptides. As expected, the very poor solubility and low helical content of the hDcc3R2 (and hDcc3FL) peptide resulted in low translocation efficiency, while the AF10cc-, winzipA2-and winzipB1-containing constructs showed a more efficient TAT-mediated translocation according to the better solubility and folding of these peptides. Additionally, winzipA2 forms stable homodimers, which probably not only increases its solubility and content of a-helical structure but also the stability against proteolytic degradation. However, one should be aware that the readout of in vivo selection systems always results from the sum of several different factors, including for example expression levels and toxicity.
As an example, we demonstrated that the efficiency of TAT-mediated translocation of TorA-hDcc3R2-bL and TorA-hDcc3FL-bL can be improved by co-expression of an interacting peptide (i.e. AF10cc), which acts as a 'folding helper', instead of modifying the hDcc3R2 (or hDcc3FL) peptide itself.
We conclude that the selection or screening for efficient TAT-mediated translocation of a poorly soluble or slowly folding protein should be an optimal platform for the investigation or selection of function and relative activity of (e. g. genetically modified) molecular chaperones. Furthermore, the efficiency of TAT-mediated translocation may also be a valuable readout for evaluating and improving culture conditions for recombinant expression whenever polypeptide yields gained with standard procedures are insufficient, for example due to low solubility, toxicity, fast degradation and/or inclusion body formation. A similar strategy has been reported by Lee et al. (2009) , who applied the selectivity of the TAT-pathway for screening a chemical compound library for molecules that alleviate the aggregation tendency of Ab42 amyloid.
In rare cases of homology between sequences preceding the lactamase gene and genomic sequences coding for signal peptides targeting the SEC pathway, recombination events between the plasmid and the genome can generate falsepositive clones (see Supplementary data).
Optimization of split bL fragments and trimeric protein -protein interaction assay
We re-engineered split fragments of TEM bL for better stability and activity. In 2002, the design of split bL for the investigation of protein -protein interactions was independently described by Garlaneau et al. (2002) as well as Wehrman et al. (2002) . Both publications describe a favorable effect of utilizing fragments with improved stability, which has been achieved by either introducing the global suppressor mutation M182T or by the addition of a selected trimeric peptide at the C-terminus of the a-fragment. The resulting fragments were successfully employed to investigate protein -protein interactions in vivo or in cell lysates. However, de las Heras et al. (2008) described difficulties regarding activity and signal-to-noise ratio using similar fragments in vitro. The enzymatic activity of the reassembled enzyme was significantly below that of the wild-type full-length enzyme, even if containing the M182T mutation. To reduce spontaneous reassembly and thus improve signal-to-noise ratios, they tested the introduction of mutations in the fragments' interface, which indeed improved the signal-to-noise ratio but further diminished the enzymatic activity.
Based on structural modeling using X-ray structures of full-length bL, we decided to shift the described split position so that the amino acids L198 and L199 now made part of the a-fragment. Besides an H-bond between the backbone oxygen atom of L199 to the side chain of R204, these residues contact many residues that are located more N-terminally in the enzyme and thus make part of the a-fragment. Therefore, we speculate that the presence of these two hydrophobic residues at the N-terminus of the v-fragment might at least partly account for the shortcomings of the previously described fragments. However, using fragments derived from the wild-type TEM-1 bL with a split between position 199 and 200, we did not get positive readouts in our newly designed trimeric protein -protein interaction assay. Although other features of this assay might also be improvable, we focused on further optimizing the enzyme fragments. To this end, we chose to design new fragments based on the enzyme TEM-116 (which differs from TEM-1 by two substitutions: V84I and A184V) and introduced nine mutations, which have been shown to stabilize full-length bL. It should be mentioned that much, if not most, of the published work on TEM-1 was actually based on the enzyme variant TEM-116, including other split bL studies (Garlaneau et al., 2002; Wehrman et al., 2002; de las Heras et al., 2008) as well as studies on full-length and truncated bL (Hecky and Müller, 2005; Bershtein et al., 2008; Kather et al., 2008) . Since most of the data relevant for our split bL design was based on TEM-116, and since the substitution A184V has been reported to increase the T m value of TEM-1 bL by 1.48C (Brown et al., 2010) , we chose to maintain I84 and V184 (as in TEM-116) even though the catalytic efficiency of TEM-1 for aminopenicillins is about 2-fold higher than that of TEM-116 (Chaibi et al., 1997) . Further, we introduced the substitutions V31A, R120G, H153R and M182T in the a-fragment as well as L201P, I208M, E212K, A224V and R275L in the v-fragment to stabilize both fragments, as will be discussed below.
To characterize the new fragments in more detail, we first investigated the fragments' functional reassembly in a dimeric protein -protein interaction assay in vivo and found a very good signal-to-noise ratio. Furthermore, we purified the proteins and demonstrated that the activity and stability of the reassembled enzyme was significantly improved compared with published data on previously described bL fragments (de las Heras et al., 2008) and even slightly superior to wild-type full-length bL. Finally, the improved enzyme fragments allowed for successful engineering of a trimeric protein -protein interaction assay based on a combination of HiT selection with PCA.
As mentioned before, there is still room to improve the described trimer assay. Especially for the work with libraries, the design of a single vector encoding for all three components (with or without polycistronic organization) would be advantageous, due to much better transformation efficiencies. Additionally, the use of only one marker antibiotic to avoid plasmid loss would alleviate the stress imposed on the cells, resulting in accelerated cell growth and reduced incubation times. For some applications it might also be beneficial to introduce different promoters, so that the expression levels of the different components could be varied independently.
Nevertheless, we want to emphasize that our trimeric screening and selection system is engineered so that only the interaction of all three parts can result in positive readouts. To our knowledge, this is in sharp contrast to other described trimeric interaction assays (SenGupta et al., 1996; Pelletier et al., 1998) , in which a direct interaction of 'protein 1' and 'protein 3' without the bridging 'component 2' may result in false-positive signals.
Assumed contributions of individual mutations in the split bL context
The V31A substitution was present in functional variants of TEM-116 bL either truncated N-terminally by five residues (ND5; Hecky and Müller, 2005) or circular permutated with new termini in the second cross-over loop (Osuna et al., 2002) . V31 is located in the N-terminal helix H1 (numbering of secondary structure elements according to Jelsch et al. (1993) with its hydrophobic side chain largely exposed to the solvent. Substitution by alanine presumably reduces the hydrophobic surface area and improves helix propensity, which likely improved folding of helix H1 and native state stability of the whole protein. We also found the substitutions R120G, H153R and M182T in the ND5 study (Hecky and Müller, 2005) as well as in two follow-up studies, which improved TEM-116 stability and activity by selection for mutations compensating for more severe structural perturbations (Speck et al. 2012 and manuscript in preparation) . The same mutations were also described to compensate for the detrimental effects of high mutational load (Bershtein et al., 2008) and overall, M182T is probably the most frequent global suppressor mutation identified in in vitro evolution studies as well as in clinically isolated extened spectrum beta-lactamases (ESBL) (see www.lahey.org/Studies; Huang and Palzkill, 1997) . The positive effect of substituting R120, which is located at the N-terminal part of helix H4, is mostly attributable to the removal of the bulky arginine side chain, which unfavorably interacts with the macrodipole of helix H4 and additionally packs against the side chain of L91, preventing optimal solvation of the guanidino group. According to Bershtein et al. (2008) , the substitution H153R, which converts residue 153 to consensus (Ambler et al., 1991) , has an even stronger stabilizing effect than R120G, although the substitution of H153 results in removal of p-stacking with H158. According to the structure of a TEM-116 7-fold mutant that we have recently solved (manuscript in preparation), this destabilizing effect is overcompensated by extensive contacts of R153 with residues 155 -160. Furthermore, this as well as several structures of TEM bL variants Kather et al., 2008) show that the M182T substitution stabilizes helix H8 as an N-cap residue by forming a hydrogen bond to the amide nitrogen of A185 and additionally recruits water molecules that hydrogen bond with the side chain of E63 .
Four (L201P, I208M, A224V and R275L) of the five presumably beneficial mutations that we introduced into the v-fragment of split bL were-besides other publicationsidentified in a directed evolution study based on Proside ( protein stability increased by directed evolution) and were demonstrated to increase the T m value of wild-type TEM-116 by 1.4, 1.0, 3.1 and 5.08C, respectively (Kather et al., 2008) . The fifth mutation, E212K, was identified in the first selection round for mutations compensating for detrimental effects induced by circular permutation of TEM-116 bL (Osuna et al., 2002) . In the wild-type protein, L201 is located at the first position of a-helix H9 with its aliphatic side chain over 60% solvent exposed. The first position of a-helices are especially suited for proline residues (Richardson and Richardson, 1988) and crystal structures of an L201P containing bL mutants show a well-accommodated side chain of P201 (Kather et al., 2008; Marciano et al., 2008) . Furthermore, the introduction of proline residues in polypeptides decreases the entropy difference of folded and unfolded states. The substitutions I208M and A224V increase overall stability of fulllength bL by improving local packing densities between helix H9 and the b-sheets S3-S5 and between helix H10 and helix H11 as well as the underlying b-sheet, respectively (Kather et al., 2008) . In contrast to the other mutations, the E212K substitution has rarely been found and its effect on stability and/or enzymatic activity has not been investigated yet. However, we introduced the mutation in our split bL because the structure of wild-type TEM-116 (Jelsch et al., 1993) suggests that this substitution improves electrostatic interactions with D209. According to the comparison of the wild-type structure (Jelsch et al., 1993) and the structure of a TEM bL variant containing the substitution R275L (Kather et al., 2008) , the stabilizing effect of this substitution is mainly attributable to the removal of the charged guanidino group of R275, which-in the wild-type protein-is partially buried and additionally unfavorably interacts with the macrodipole of helix H11.
Conclusion
In the present work we demonstrated that the TAT pathway can be exploited in multiple ways to create selection systems for protein -protein interactions as well as improved protein folding and solubility. In comparison with other selection systems, the use of bL as reporter protein provides a very convenient selection procedure, with the potential to perform one selection round each day and to automate the procedure.
Using the HiT selection system, we identified peptides, which bind with higher affinity to their target proteins MITFcc and NHR2 than their wild-type counterparts. Further investigations will help to clarify the principles underlying these improved coiled-coil and oligomeric helixbundle formations. In addition, the identified peptides might also prove valuable for the investigation of the wild-type interactions in more physiological settings.
Furthermore, we designed the first trimeric interaction assay that involved new split bL fragments with significantly improved activity and stability and does not permit false positives by dimeric interactions. These optimized split bL fragments are also very interesting for other PCA-based applications independent of HiT selection or the TAT pathway.
Supplementary data
Supplementary data are available at PEDS online.
